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1. Introduction

Single-host white light emission in self-activated
Rbz_,Cs,Y; ,Bi,V,Og: crystal engineering for
high-performance indoor lighting

J. S. Revathy,? Monalisha Behera, (2 ° Shisina S, Jatin Dhanuka,”
Sudipta Som, 2 *° R, K. Dubey® and Subrata Das () *3¢

In our quest to replicate the full spectrum of natural daylight, which creates comfortable and visually
stimulating reading environments, we have engineered a novel single-component phosphor based on
rare-earth garnet systems often

divanadate compounds. Traditional

underperform due to insufficient emission in the red and cyan regions, delivering light with noticeable

broadband yellow-emitting

spectral gaps and cooler tones that can strain the eyes during prolonged reading. This tailored approach
replaces rubidium with cesium and strategically incorporates bismuth into the Rbs_,Cs,YV,Og matrix,
inducing fine crystal field modifications that boost luminescence intensity and generate a warm white
emission. The altered light output effectively minimizes the drawbacks of multi-phosphor assemblies,
offering a streamlined solution that overcomes issues such as high correlated color temperatures and
poor color fidelity. The CszBig25Y075V20g composition exhibits high thermal stability, retaining 75% of its
emission intensity at 423 K, with a robust activation energy of 0.32 eV. When integrated into LED
devices, the phosphor demonstrates a remarkable ability to shift the white emission from cooler
(Cs3YV,0g: CCT =~ 6111 K, CRI &~ 78) to warmer hues (CszBig25Y075V20g: CCT &~ 4887 K, CRI =~ 79). In
particular, the rare-earth-free Cs3BiV,Og composition-based white LED emits white light CCT ~ 4662 K,
closely emulating the soft, balanced glow of natural sunlight. Such spectral tuning enhances visual clarity
and minimizes eye fatigue, creating an inviting atmosphere ideal for reading rooms and workspaces. This
study underscores the potential of precise crystal engineering and controlled doping strategies in
developing high-performance lighting solutions that set a new benchmark for indoor illumination,
mirroring the natural radiance of the sun.

produces white light. Commercial YAG-based pc-WLEDs utilize
a two-component system, where a blue LED serves as the

Lighting plays a crucial role in shaping our indoor environ-
ments, especially in spaces designed for reading and focused
work. The quality of light affects not only visibility but also eye
comfort and cognitive performance.' In pursuit of optimal
artificial lighting, researchers have explored various materials
and technologies to mimic natural sunlight, the gold standard
for illumination. In modern phosphor LED lighting, yttrium-
aluminum-garnet (YAG) is the most famous material that,
when combined with blue InGaN LEDs (e, &~ 450 nm),

“ Materials Science and Technology Division, CSIR-National Institute for
Interdisciplinary Science and Technology (NIIST), Thiruvananthapuram,
Kerala 695019, India. E-mail: subratadas.niist@csir.res.in
b School of Science and Humanities, Shiv Nadar University Chennai,
Tamil Nadu 603110, India. E-mail: sudiptasom@snuchennai.edu.in
¢Ind Research and development house Pvt Ltd., Sector-6, Noida-201301, UP, India
 Academy of Scientific and Innovative Research (AcSIR), Ghaziabad-201002, India
+ These authors contributed equally.

© 2026 The Author(s). Published by the Royal Society of Chemistry

excitation source and the yellow-emitting YAG:Ce phosphor
(Zem &~ 550 nm) converts part of the blue light into a broader
spectrum.*® However, these WLEDs typically exhibit a high
correlated color temperature (CCT > 6500 K) and a low color
rendering index (CRI < 75) due to the absence of cyan and red
spectral gaps.”® To overcome these limitations, researchers
introduced a dual-phosphor system by combining YAG:Ce with
SI,SisNg:Eu®".>'° The incorporation of Sr,SisNg:Eu>* effectively
fills the red gap and enables the fabrication of WLEDs with an
efficient CCT above 4000 K and an improved CRI approaching 85,
making the light output warmer.""'> While effective, this dual-
material system has limitations. The added complexity of fabri-
cating two phosphors increases the production costs and manu-
facturing challenges. Nevertheless, the cyan gap problem
persists, contributing to imbalanced color rendering and spectral
deficiencies that can make the produced light less comfortable
for reading environments. An ideal solution would be to achieve
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high-quality white light emission using a single material,
thereby simplifying production while maintaining excellent
optical properties.™

The motivation behind our research is to develop a single-
material phosphor that can generate white light with a spectrum
closely resembling that of natural sunlight. Sunlight is considered
the best light source for reading rooms because of its continuous
and broad spectral distribution, which ensures optimal color
rendering and reduces eye strain. Unlike artificial light sources
that may have gaps or spikes in their emission spectra, sunlight
provides a smooth and balanced spectrum, making reading and
visual tasks more comfortable."*'> Our goal is to design a lighting
material that brings us as close as possible to this natural
standard. Over the years, several luminescent materials have been
studied for white light generation. YAG:Ce (yttrium aluminum
garnet doped with cerium) is the most commonly used phosphor
in white LEDs due to its high efficiency and stability. However, as
mentioned earlier, it requires combination with a blue LED, which
can lead to spectral deficiencies, especially in the red wavelength
region. This can result in poor color rendering and an unnatural
lighting experience. To overcome these limitations, researchers
have explored various red-emitting phosphors to complement
YAG:Ce-based lighting systems. Several novel phosphors have been
investigated, including Eu**-activated Ca,RF,PO, (R = Gd, Y) and
Y,Mo04:Eu*", which exhibit strong red emission under near-UV
excitation.'®"” These phosphors exhibit efficient absorption of
near-ultraviolet or blue light and emit red light with peak wave-
lengths around 611 nm. Another promising phosphor, Sr,Sis.
Ng:Eu?*, has demonstrated robust thermal performance and
improved color rendering when combined with blue LEDs and
the YAG:Ce phosphor.'® The Sr,SisNg:Eu®>" phosphor demon-
strated excellent thermal stability, with only a 28% power
reduction at 150 °C. When combined with blue LEDs and YAG:Ce
phosphor, the material achieved a CRI of 72, making it a valuable
addition to solid-state lighting applications.®™*'® Additionally,
materials like KSrPO,:Eu”?* and Sr,SisNg:Eu*" have demonstrated
multi-wavelength emission, making them potential candidates for
single-material lighting solutions.”?> These materials exhibit
broadband emission, mimicking the natural light spectrum more
effectively than traditional dual-material systems. Luminescence
wavelengths play a crucial role in determining light quality. The
human eye perceives light in the visible spectrum (approximately
400-700 nm), with optimal reading comfort achieved under a
balanced emission across this range. Sunlight provides a near-
uniform distribution of wavelengths, ensuring that no particular
color dominates the spectrum. Many commercial LEDs, on the
other hand, have strong peaks in the blue region (around 450 nm)
and weaker emissions in the red region (above 600 nm), leading to
potential eye fatigue.”> To design an ideal reading-room lighting
system, a phosphor material that emits across the full visible
spectrum with a warm and balanced color temperature, closely
resembling daylight, is necessary.

In the present research, first, we have synthesized highly
efficient divanadate compounds Rb; ,Cs,YV,0g using the
solid-state synthesis method. Photoluminescence (PL) studies
reveal broad excitation (300-400 nm, peaked at 365 nm) and
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emission (400-650 nm, peaked at 500 nm) due to VO, charge-
transfer band transitions. On exploring the transition from Rb"
to Cs", we observed a significant PL intensity enhancement. Cs"
substitution modified the electronic structure and altered the
local crystal field environment, improving the luminescence
efficiency. Motivated by this, we introduced Bi*" into the system,
synthesizing Cs;Bi; _,Y,V,Og (x = 0 to 1). The PL spectra revealed
a substantial intensity increase with Bi** incorporation, suggest-
ing its profound influence on the electronic environment. A
redshift in the PL spectra indicated modifications in bond
length and electronic interactions, systematically tuning lumi-
nescence behavior. The optimized Cs;Big,5Y0.75V,0s enables
emission tuning from cool white (6557 K) to soft hued white
(4887 K), which becomes softer in the case of Cs;BiV,0g (CCT =
4462 K), which is appropriate for indoor lighting. The balanced
spectral emission ensures comfortable reading conditions,
reducing eye strain and enhancing cognitive performance.

2. Materials and methods

The Rb;_,Cs,YV,05 (x = 0-3) and Cs;Bi,Y; ,V,05 (y = 0-1)
compounds were prepared using a solid-state reaction approach.
High-purity precursors, including Rb,CO; (99.99%), Cs,COs
(99.99%), NH,VO; (99.99%), Y,0; (99.99%), and Bi,O; (99.99%),
were measured in stoichiometric proportions. These materials
were thoroughly ground in an agate mortar with ethanol for
30-45 min to ensure homogeneity. The mixture was then dried
and transferred into an alumina crucible. The crucible was
heated in a muffle furnace at 750 °C for 20 h in an air
atmosphere. After calcination, the samples were cooled natu-
rally to ambient temperature.”*

The phase purity and crystalline structure of the synthesized
compounds were examined using X-ray powder diffraction
(XRD) on a 3rd Generation Empyrean diffractometer (Malvern
Panalytical) with Cu-Ko radiation. The crystal structure was
visualized and modelled using VESTA software. Photolumines-
cence (PL) excitation and emission spectra were obtained using
a Yvon Fluorolog-3 spectrofluorometer equipped with a 450 W
Xenon flash lamp as the excitation source. Temperature-
dependent PL spectra and electroluminescence data were col-
lected using an Ocean Optics spectrophotometer (Maya 2000
Pro) with 410 nm LEDs for excitation. Near-infrared phosphor-
converted LED (NIR pc-LED) devices were assembled by evenly
coating a blend of optimized phosphor and resin in a specific
ratio onto LED chips.

3. Results and discussion

3.1. Structure evaluations

The XRD patterns of Rb;_,Cs,YV,04 (x = 0 to 3) are shown in
Fig. 1(a). The XRD spectrum of Rb; ,Cs,YV,03 at x = 0
[Rb;YV,0g] exhibits a strong correlation with the standard
diffraction data (JCPDS No: 00-035-0279), confirming the mate-
rial’s crystallinity and phase purity. The result indicates that
Rb;YV,05 adopts a trigonal structure with lattice parameters

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
of Cs3YV,0s.

a=h=5.984 Aand c=8.309 A, « = f=90° and y = 120° belonging
to the P3m1 space group.**

As cesium (Cs) was progressively substituted for rubidium
(Rb) in the Rb;_,Cs,YV,0g system (for x = 0 to 3), the diffraction
peaks shifted slightly to lower angles, indicating subtle changes
in the lattice parameters.”> The progressive reduction and
eventual disappearance of a minor diffraction peak provided
additional evidence supporting the complete substitution of
rubidium (Rb) by cesium (Cs) in the crystal structure. Notably,
the diffraction peak observed at 11.2°, which is characteristic of
the presence of Rb, gradually fades as the concentration of Cs
increases. This trend is consistent with the replacement of the
smaller Rb ions by the comparatively larger Cs ions, indicating
successful incorporation of Cs into the lattice. Furthermore,
with increasing Cs content, a few weak diffraction peaks corres-
ponding to CsVO; begin to emerge (with the phase fraction of
<5%), suggesting the possible formation of secondary phases
associated with Cs at higher doping levels.

To gain deeper insights into the host crystal structure that
influences the luminescence behaviours of the obtained phos-
phors, Rietveld refinement was carried out using the GSAS
software. The Rietveld refinement plot of Cs;YV,0g, shown in
Fig. 1(b), indicates the successful formation of a single-phase
phosphor with the P3m1 space group having a trigonal structure,
consistent with the crystal structure of Rb;YV,0s. The quality of

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) XRD patterns of Rbz_,Cs,YV,0g with varying Cs concentrations from x = 0 to x = 3, (b) the Rietveld refined pattern and (c) the crystal structure

the refinement is assessed by the reliability factors, including the
weighted pattern (Ry, ~ 15.84%), the pattern (R, ~ 11.75%),
and the goodness of fit (3> ~ 1.35). The corresponding para-
meters are summarized in Table 1. The fractional atomic coor-
dinates of Cs;YV,0g, in units of lattice constants, are provided
for all atoms in Table 2.

Based on Rietveld refinement results, the schematic crystal
structure of Cs;YV,0g, which features a trigonal structure, is
illustrated in Fig. 1(c). The crystal structure of Cs;YV,Og consists
of a three-dimensional polyhedral framework composed of
[(Cs1)O4g), [(Cs)O15]), octahedral [(Y)Oe], and tetrahedral VO,*~
units interconnected through edge- and corner-sharing polyhedra.

Table 1 Refined crystallographic parameters for CszYV,0Og

Chemical formula Cs3YV,0g4
Crystal structure Trigonal
Space group P3m1

VA 1
a=>h(A) 6.078 (10)
c(A) 8.309 (7)
V(A 265.886 (5)
o=y 90°

y 120°

GOF 1.35

R, (%) 11.75

Ryp (%) 15.84
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Table 2 The atomic coordinates and fraction of occupancy of the
Cs3YV,0g luminescence emitter

Atoms Name x y z Occupancy
Cs Cs1 0.33333 0.66667 0.70154 1
Cs Cs2 0.00000 0.000000 0.00000 1
Y Y3 0.00000 0.00000 0.50000 1
\% V3 0.33333 0.66667 0.25493 1
o 04 0.17575 0.35150 0.33115 1
o 05 0.33333 0.66667 0.04474 1

This arrangement aligns with the “bracelets and pinwheels”
model proposed by Moore.>® For orthovanadate compounds of
similar structure, the pinwheel unit comprises [YOs] octahedra
and [VO,] tetrahedra. Each [YOs] octahedron shares six corners
with alternating [VO,] tetrahedra, forming layered structures
through these connections. Cs* cations are situated between these
layers, stabilizing the framework. When observed along the c-axis
and g-axis, a single [VO,] tetrahedron is corner-linked to three
[YOg] octahedra and edge-connected to two [(Cs,)O;,] and one
[(Cs1)010] polyhedra, strengthening the structural integrity of the
network.>*”

3.2. Optical properties

The diffuse reflectance (DR) study was conducted to explore the
optical properties of the synthesized phosphors. Fig. 2(a) repre-
sents the DR spectra of Rb; ,Cs,YV,05 (x = 0; Rb3YV,0z and
x = 3; Cs3YV,04), demonstrating two absorption bands: one
broad absorption ranging from 250 to 350 nm and another
around 400 nm. A similar absorption band has been observed
in several vanadate materials, indicating a common optical
transition mechanism within this class of compounds. The
broad absorption can be attributed to the electronic transition
from the oxygen 2p (O 2p) orbitals to the vanadium 3d (V 3d)
orbitals within the VO,’” tetrahedral groups. This charge
transfer process is characteristic of vanadate-based phosphors
and is responsible for their strong absorption in the ultraviolet
(UV) and near-ultraviolet (n-UV) regions. The broad nature of
the absorption band arises from the extensive delocalization of
electronic states and the structural flexibility of the VO,*~

(a) 100

[}
o
1

Reflectance (%)
[<2]
o
L

s Rb3YV208
—_— CssYVzOs
40 4
20 T T T T
300 400 500 600 700

Wavelength (nm)

Fig. 2
Kubelka—Munk formula.
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group, which allows for slight variations in bond lengths and
angles, thereby influencing the energy levels involved in the
transition. Additionally, the interaction between the vanadium-
oxygen framework and the surrounding cations may further
modulate the absorption properties, leading to variations in the
absorption peak positions and intensities across different
vanadate materials.”**° The DRS data were utilized to calculate
the optical band gap of the materials. Fig. 2(b) showcases the
band gap calculations derived from experimental data using
the Kubelka-Munk formula.

The reflectance spectrum was converted to the absorption
coefficient by employing the Kubelka-Munk function F(R) as
expressed in eqn (1).

(1-R)?

FR) =7

(1)
where R denotes the observed reflectivity. The Tauc plot
method was applied to determine the optical bandgap as given
in eqn (2).

2)

In this relation, E, signifies the band gap energy, C is the
proportionality constant, and Av represents the photon energy.
The band gap energy of a material can be determined from the
intercept of the linear portion of the [F(R.)hv]* vs. hv plot,
which represents the Tauc plot used for optical band gap

[FR.. )] = C(hv — Ey)

estimation. In this study, the band gap values were found to
be 3.73 eV for Rb;YV,04 and 3.89 eV for Cs;YV,0g. The slight
increase in the band gap upon substitution of Rb" with Cs"
suggests that the replacement of alkali metal ions has only a
minor influence on the optical properties of the present mate-
rials. This suggests that the variation in the ionic size and
electronegativity between Rb" and Cs™ has a minor influence on
the electronic structure and optical absorption properties of the
material. While the fundamental band structure remains lar-
gely intact, slight modifications in bond lengths, lattice para-
meters, and local electronic environments may contribute to
subtle changes in the transition. These changes, though small,
indicate that cation substitution can induce minor alterations

(b) 3.0 =
25, ) RbSYV208
@ Cs,YV,0O,
2.04
-
£ 1.54
o
w

L)
3.8

3:6
Energy hv (eV)

(a) Diffuse reflectance spectra of Rbz_,Cs,YV,Og (x = 0; Rb3YV,0g and x = 3; Cs3YV,0g) and the corresponding (b) bandgap estimation using the
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in the electronic density of states, potentially affecting charge
carrier dynamics and optical transitions within the material.

3.3. Photoluminescence studies

To further analyze the dependency of optical properties on the
variation of the alkali cation, we have recorded the photolumi-
nescence excitation (PLE) and emission (PL) spectra of
Rb; ,Cs,YV,05 (x = 0; Rb3YV,04 and x = 3; Cs3YV,0g) as shown
in Fig. 3(a). The PLE spectrum of Rb;YV,0g materials was
recorded keeping the emission wavelength fixed at 500 nm.
The spectrum exhibits broad excitation bands in the 300-
400 nm range peaking around 365 nm. The broad excitation
band corresponds to charge-transfer transitions within
the VO,*~ tetrahedral units. These transitions originate from
the electronic excitations between the oxygen ligands and the
central vanadium atoms, specifically from the O 2p — V 3d
states. The excitation spectra of Cs;YV,0g follow a similar
pattern to Rb;YV,04 with a greater intensity.

To gain a detailed insight into broad excitation, the PLE
spectrum of the Cs;YV,0g phosphors was deconvoluted using a
Gaussian function (Fig. 3(b)). The deconvoluted peak positions
of the PLE spectra are listed in Table 3. The PLE spectrum in
the range of 300-400 nm has a peak at 360 nm and consists of
two distinct bands at 335 nm (Ex;) and 374 nm (Ex,). The VO4>~
tetrahedra possess a near tetrahedral (Ty) symmetry, in which
the vanadium (V) ion is surrounded by four oxygen ligands. In
this environment, the V 3d orbitals are split into two energy
levels: the higher-energy t, orbitals and the lower-energy e
orbitals. In a perfect tetrahedral (Ty) symmetry, the lower-
energy e orbitals and the higher-energy t, orbitals are anti-
bonding and experience stronger repulsion as they point
toward the oxygen atoms. The ground state (*A;) of VO,*~ is
derived from the fully occupied e orbitals, while the singlet
excited states T, and T, originate from the t, orbitals. The two
bands at 335 nm (Ex;) and 374 nm (Ex,) correspond to the
'A; —» 'T, and 'A; — 'T, transitions, respectively. These

(a)

eccoe CSSYVZOS
——Rb,YV,0,

Intensity (a. u.)

300 400 500

Wavelength (nm)

600

Fig. 3
(b) Deconvolution of the excitation spectrum of CszYV,Og.
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Table 3 Peak wavelength and energy of the PLE and PL bands from
Gaussian deconvolution

Peak Energy Energy
Band  Transition  position (nm)  (cm™ ) (eV)
PLE  Ex, A, - T, 335 29850.74  3.70
Ex, A, - 'y 374 26737.96  3.31
PL Em, 3T, 1A, 476 21008.40  2.60
Em, 3T, — 1A, 537 18621.97  2.30

transitions are spin-allowed, resulting in strong absorption in
the UV range.*'

The emission spectra of Rbs ,Cs,YV,05 (x = 0; Rb3YV,04
and x = 3; Cs3YV,0g), obtained at an excitation wavelength of
365 nm, span the visible range from 400 to 650 nm, with a
maximum at approximately 500 nm. The substitution of Cs" for
Rb" in Rb;_,Cs,YV,0; significantly influences the local sym-
metry of the VO,>~ units, altering their PL properties.*"

To examine the variation in PL properties of the Rb;_,Cs,-
YV,0; phosphors with increasing Cs* concentration, we have
recorded the PL spectra of the Rb;_,Cs,YV,03 (x = 0-3) phos-
phors as displayed in Fig. 4(a). The emission spectrum is
characterized by a broad band from 400 to 650 nm. It can be
noted that the emission spectra with different cationic ratios of
Cs and Rb have a similar profile, but the luminescence inten-
sity increases with increase in the cation substitution (x), with
Cs3YV,0g having the maximum intensity. This indicates that
the cation disorder has a great influence on the transition
nature of VO, luminescence centers.>?

To gain insight about the cation disorder, the PL spectrum
was deconvoluted and the Gaussian-fitted PL spectrum was
found to feature two emission bands at 476 nm (Em,) and
537 nm (Em,), as shown in Fig. 4(b). In addition to the singlet
excited states as explained earlier, triplet states (*T;, *T,) also
arise due to spin multiplicity, when an electron from the e
orbital is promoted to the t, orbitals. The two emission bands
at 476 nm (Em,) and 537 nm (Em,) correspond to the transi-
tions *T,— 'A; and *T; - 'A; in VO,*7, respectively. Although

(b) eeeeeOriginal data
oo, A= 335nm
& e, A, = 374 nm
3 i
s < .
2 E
® . .
< D .
] & s
= a* °
300 320 340 360 380 400 420 440

Wavelength (nm)

(a) Photoluminescence excitation (PLE) and emission (PL) spectra of Rbs_,Cs,YV,Og phosphors for x = 0: RbzYV,Og and x = 3: CszYV,0s.
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Fig. 4 (a) The PL spectra of Rbs_,Cs,YV,Og with varying cesium concentrations from x = 0 to x = 3. (b) Deconvolution of the emission spectrum of

Cs3YV,0g. (c) The CIE diagram representing the emission color coordinates of Rbz_,Cs,YV,0g (x = 0 and x = 3) with the corresponding PL images.

the spin selection rule generally forbids the excitation
(*A; — 'Ty, 'T,), intersystem crossing ('Ty, 'T,— Ty, °Ty),
and luminescence (3T1, 3T, — 1A1) processes in an ideal tetra-
hedral (T4) symmetry, structural distortions in the VO,*~ tetra-
hedron allow these transitions to occur. From XRD analysis, it
is evident that Cs* (1.88 A) after replacing Rb* (1.72 A) expands
the crystal lattice, causing VO, octahedra to interact strongly
with each other, affecting the crystal field strength. This
partially allows the forbidden transition from Ty, *T, — A;.
Similar findings by Nakajima et al. in AVO; (A = Rb, Cs) and
M;V,0; (M = Mg, Zn) further support this effect, where increas-
ing the cationic radius led to structural expansion and altered
VO, tetrahedral interactions.*® This change influenced the
crystal field strength, partially relaxing selection rules and
enabling otherwise forbidden transitions. As a result, the mod-
ified electronic environment enhanced the luminescence inten-
sity, confirming the relationship between cation size and optical
properties.*® Meanwhile, there is not much shift in the emis-
sion color, as can be realized from the CIE diagram in Fig. 4(c),
and the CIE coordinates of Rb;YV,05 and Cs;YV,04 are found
to be (0.251, 0.386) and (0.256, 0.386). However, the PL images
(inset in Fig. 4(c)) clearly indicated the superior emission
intensity of Cs;YV,05 compared to that of Rb;YV,0s.

As we explored the transition from Rb* to Cs" in Rb;_,Cs,-
YV,Os, we observed a fascinating enhancement in PL intensity.
The Cs' substitution not only modified the electronic structure
but also subtly altered the local crystal field environment. The
result was a noticeable intensity variation in emission and an
overall improvement in luminescence. Encouraged by this
success, we wanted to push the boundaries further, to see
whether we could deliberately disrupt the structural integrity
and still enhance luminescence. Our structural analysis
revealed that each [YO4] octahedron shares six corners with
alternating [VO,] tetrahedra. Within these layers, the Cs*
cations were strategically positioned, providing charge balance
and stability.

By introducing Bi*" into the system, we tried to further
manipulate the optical properties. For this purpose, we synthe-
sized a series of Cs;Bi,Y; ,V,0g (y = 0 to 1) and conducted a
detailed PL analysis. Fig. 5(a) and (b) present the PLE and PL
spectra of Cs;Bi,Y;_,V,05 (y = 0 to 1), respectively. The PLE

1524 | Mater. Adv,, 2026, 7,1519-1530

spectra were recorded at a fixed emission wavelength of
500 nm, while the PL spectra were measured by exciting the
samples at 365 nm. These spectra illustrate the excitation-
emission behaviour and the impact of Bi*" substitution on
luminescence properties. The results were remarkably impress-
ive. As Bi** was progressively incorporated, the PL intensity saw
a significant increase. This observation suggested that the
introduction of a cation had a passive yet profound influence
on the electronic environment of the host lattice.

Moreover, we observed a redshift in the normalized photo-
luminescence (PL) spectra with increasing Bi content, as illu-
strated in Fig. 5(c). In the Cs3Bi,Y,_,V,04 system, the observed
red-shift of the PL emission upon Bi*" incorporation is primar-
ily attributed to structural modifications in the host lattice.
Although Bi** and Y** have similar ionic radii, the introduction
of the heavier Bi*" ions alters the local bonding environment
and lattice dynamics in several subtle but significant ways.
Partial substitution of Y** by Bi*'results in a slight expansion of
the unit cell and perturbation of the local symmetry around the
VO, tetrahedra. This modifies the V-O bond lengths and
0O-V-0 bond angles, slightly lowering the crystal field strength
experienced by the vanadate units. This structural perturbation
affects the splitting of the vanadate tetrahedral orbitals, leading
to a reduction in the energy difference between the excited and
ground states of the VO,*~ groups. This manifests as a red-shift
in the emission peak without the involvement of additional
electronic transitions from Bi*". Moreover, the heavier Bi*" ions
introduce minor local strain and increase polarizability around
the vanadate units, which can enhance electron-phonon cou-
pling. This not only broadens the emission band but also
contributes to a lower-energy recombination pathway, further
shifting the emission to longer wavelengths.’**> The CIE
diagram, shown in Fig. 5(d), also supports the red shift of the
emission color from bluish green to greenish yellow with
increasing the Bi*" to Y** ion substitution. The CIE coordinates
of Cs;YV,05 (0.251, 0.386) are drastically shifted to (0.364,
0.465) for Cs;BiV,0g, which is also clearly visible in the PL
images of these two samples (Fig. 5(e)). Meanwhile, the most
red-shifted Cs;BiV,0g phosphor exhibits a broader emission
bandwidth, and its emission intensity is comparable to that of
the commercial blue phosphor BAM:Eu>", as shown in Fig. 5(f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) The PLE spectra of Cs3Bi,Y; ,V>0g (y = 0 to 1) at Aemi & 500 nm. (b) The PL spectra of CszBi,Y;_,V>Og (y = 0 to 1) at Jexc & 365 nm. (c) The

normalized PL spectra of Cs3Bi,Y;_,V,Og (y = 0 to 1). (d) The CIE diagram representing the emission color coordinates of CszYV,0g and CszBiV,0g with
the corresponding PL images. (e) Digitized images showing the color evolution from cyan-green to green with Bi addition in the CszYV,Og host.
(f) Comparison of emission band broadening in the present phosphor system relative to the commercial BAM:Eu?* standard.

This phenomenon further reinforces the idea that Bi*" acts
as an active luminescence modifier rather than merely a passive
dopant. By systematically varying the Bi** concentration, we
effectively tuned the emission properties of the phosphor,
demonstrating a controlled approach to adjusting the lumines-
cence behavior through targeted cationic substitution. What
initially began as a simple substitution process evolved into a
precise strategy for engineering emission color, highlighting
the potential of Bi*" incorporation as a versatile tool for tailor-
ing optical properties in vanadate-based phosphors. This result
underscores the critical role of crystal field effects and electro-
nic interactions in designing next-generation phosphor materi-
als with tunable emission characteristics for advanced lighting
applications.

To assess the luminescence performance of the synthesized
phosphors further, the luminescence decay behavior of three
representative samples was also investigated. The corres-
ponding luminescence decay curves of Rb;YV,0g, Cs3YV,0g,
and Cs3Biy »5Y0.75V20s, as shown in Fig. 6, were well fitted by a
single-exponential function, suggesting the presence of a uni-
form emission center in all samples. The average lifetimes were
found to increase slightly from 643 ps for Rb;YV,05 to 651 pis
for Cs;YV,0g, while Cs;Big »5Y(.75V,0g exhibited an intermedi-
ate lifetime of 648 ps. These results confirmed a decrease in
non-radiative losses of excitation energy with the substitution
of larger cations. Furthermore, to evaluate their practical
applicability, three white light-emitting diodes (WLEDs) were
fabricated using the synthesized phosphor powders as conver-
sion layers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Emission decay curves of RbzYV,Og, Cs3Big25Y075V20g and
CS3YV208.

3.4. Analysis of temperature-dependent photoluminescence

The thermal stability of a phosphor is a crucial parameter in
determining its suitability for light-emitting diode (LED) appli-
cations, as it directly influences emission performance under
elevated operating temperatures. To assess the thermal behav-
ior of the synthesized phosphor, temperature-dependent
photoluminescence (PL) spectra of Cs;Bip.5Yo,5V20s were
recorded over a temperature range of 303 K to 448 K using an
excitation wavelength of 365 nm. Fig. 7(a) provides a three-
dimensional representation of the spectra, where red regions

Mater. Adv., 2026, 7,1519-1530 | 1525
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Fig. 7 (a) Temperature-dependent PL of CszBig25Y0.75V20s. (b) Thermal quenching behaviour of Cs3Big25Y0.75V20g (inset shows the Arrhenius plot for the

estimation of E,). (c) The CIE diagram showing the CszBig 25Y075V20g phosphor’

indicate high emission intensity, while blue regions correspond
to lower intensity. The results demonstrate a decline in PL
emission intensity with increasing temperature, which can be
attributed to the thermal quenching phenomenon.**** This phe-
nomenon, widely observed in phosphor materials, occurs due to
enhanced non-radiative relaxation processes at elevated tempera-
tures, leading to energy dissipation and a subsequent reduction in
luminescence efficiency. Fig. 7(b) depicts the variation in normal-
ized photoluminescence (PL) intensity as a function of tempera-
ture, providing a comprehensive evaluation of the thermal stability
of the synthesized phosphor. The results indicate a substantial
decrease in PL intensity, with a reduction of 75.05% recorded at
423 K. This decline underscores the influence of elevated tempera-
tures on the luminescence properties of the material. Notably, the
synthesized phosphor demonstrates superior thermal stability
compared to previously reported VO,* -activated vanadate and
Bi*"-doped oxide phosphor systems, as summarized in Table 4.
The enhanced performance suggests that the material retains a
higher emission intensity under high-temperature conditions,
making it a promising candidate for high-power LED applications.
As the temperature increases, lattice vibrations become more

Table 4 Comparisons of the photoluminescence properties (ley, Aem. CRI,

s emission color shift due to the increase in temperature from 303 K to 448 K.

pronounced, leading to enhanced generation of thermally acti-
vated phonons. These phonons facilitate non-radiative transitions
by providing electrons with the necessary energy to overcome the
energy barrier (AE) and return to the ground state without photon
emission. This process results in substantial energy dissipation
and a marked reduction in the phosphor’s luminous intensity.**?¢
Accurately assessing this energy barrier is therefore crucial for
understanding and mitigating the thermal quenching effects.

In the present study, the Arrhenius equation was employed to
systematically investigate the relationship between photolumines-
cence (PL) emission and temperature, providing insights into the
extent of thermal quenching. This approach allowed for the
calculation of the activation energy (E,), which serves as a key
parameter in evaluating the thermal stability of the phosphor.
A higher E, value indicates greater resistance to thermally
induced non-radiative losses, signifying enhanced structural
stability of the host matrix. The following equation was
employed to determine E,.*”

€)

CCT) and thermal properties of VO4-activated vanadate and Bi**-doped

phosphors

Phosphor Jex (Nm) Jem (NM) PL intensity (@423 K) E, (eV) CRI (Ra) CCT (K) Ref.
Mg;(VO,), 340 550 26% — 83 5500 38
Ba(VO,), 340 490 19% — 84 5349 38
RbLuV,04 362 500 51% 0.264 93.5 4946 39
Rb3;YV,04 362 500 48% 0.266 91.9 5095 39
KCa,Mg,V;0,, 346 540 21% 0.366 <80 > 4500 40
RbVO; 360 520 62% 0.288 — — 41
CazMg,(VO,)s 346 544 62% — 82.5 5231 42
Zn;V,0g 350 550 51% — — — 43
CaLlaGaO0,:5%Bi*" 361 448 86% 0.3 — 5426 44
BGB0:0.4% Bi*" 320 560 20% — 79.1 4331 45
BaYb, ,P, ¢:Bi*" 340 530 50% 0.277 90.1 4509 46
Lu,SrAl,Si0;,:0.08 Bi** 330 466 57.2% 0.22 88 5723 47
CaLuGa0,:0.004 Bi** 335 427 91.8% 0.289 >90 <6000 48
NLSNO:10 mol%Bi** 370 625 76% — 92 — 49
Ba;SbALGe,0,,:0.1 Bi®** 365 560 76% — 91.5 4229 50
Ca,LuZrScAl,GeO,,:0.14 Bi* 467 365 80% 0.21 98.5 4455 51
Ba;Lu,Bg0,5:0.1 Bi** 365 417 71% 0.215 82.6 4495 52
Cs;3Big.25Y0.75V20s 365 543 85.7% 0.32 79 4882 This work
1526 | Mater. Adv., 2026, 7, 1519-1530 © 2026 The Author(s). Published by the Royal Society of Chemistry
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here, k represents Boltzmann’s constant, E, is the activation
energy, I, is the initial emission intensity, and I, is the emission
intensity at temperature 7. By analyzing the slope of the linearly
fitted curve, the E, for the system was determined to be 0.32 eV
(inset in Fig. 7(b)). This value represents the minimum energy
required to activate the non-radiative relaxation processes, which
contribute to thermal quenching. In comparison to previously
reported vanadate phosphors, as summarized in Table 4, the
synthesized phosphor exhibits a higher E,, indicating greater
resistance to thermally induced non-radiative losses. This
enhanced E, value correlates with improved thermal stability,
suggesting that the material maintains its luminescence effi-
ciency more effectively at elevated temperatures and highlighting
its potential for application in high-power LED devices, where
performance retention under high-temperature operating condi-
tions is crucial. Another crucial fact to note is that the CIE color
coordinate remained almost invariant due to the temperature
variations, as observed in Fig. 7(c). These findings underscore the
advantages of the developed phosphor in mitigating the thermal
quenching effects, making it a promising candidate for next-
generation optoelectronic applications.

3.5. Phosphor-converted white light emitting diode and
electroluminescence studies

First, 99% silicon A was mixed with 1% silicon B, and the
resulting powder sample was combined with a precursor in an
appropriate ratio. The mixture was then injected onto the surface
of a UV LED chip emitting at 365 nm and placed in a vacuum
oven at 90 °C for 6 hours. The vacuum environment helped
prevent air bubbles and ensured a smooth phosphor layer on the
chip, leading to the successful fabrication of WLEDs. The electro-
luminescence (EL) spectra and the corresponding luminescence
images of Rbz;YV,0g, Cs;YV,0s and Cs3Big,5Y075V.0g are

(a)

Y V.0

025 075 28

Cs Bi

365 nm LED

Intensity (a. u.)

CRI: 78
Rb_YV,0,

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 8
(b) The corresponding CIE coordinates for the respective phosphors.
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presented in Fig. 8(a). The spectra showed a significant improve-
ment in EL intensity for Cs;YV,0g compared to Rb;YV,0s. The
CIE chromaticity coordinates, correlated color temperature
(CCT), and color rendering index (CRI) were calculated using a
color calculator software as mentioned in Table 5.

The WLEDs based on Rb;YV,0g exhibited a CCT of 6557 K, a
CRI of 74 and CIE coordinates of (0.28, 0.39), while those with
Cs;3YV,0g showed a CCT of 6111 K, a CRI of 78 and CIE
coordinates of (0.29, 0.40). Although the CCT values were
similar, our goal was to enhance red coverage. Notably, after
introducing Bi into the host, the Cs3;Big,5Y¢.75V2.0g phosphor
produced a bright warm white emission with CIE coordinates
of (0.34, 0.40). The phosphor achieved a CCT of 4887 K, while
the CRI slightly improved to 79. As shown in the CIE coordinate
diagram in Fig. 8(b), successful tuning of the emission from
cool white (6557 K) to more human-centric white (4887 K)
makes the phosphor well-suited for reading room lighting.

Although the composition Cs;Big25Y0.75V20s exhibits a
higher emission intensity, the phosphor of primary interest in
this study is Cs;BiV,Og, for two key reasons. First, it is a rare-
earth-free composition, which is advantageous in terms of cost
and sustainability. Second, as indicated in Fig. 9, its emission lies
more prominently in the yellowish region of the visible spectrum.
The EL spectra of a pc-LED device fabricated using this phosphor
in combination with a 365 nm UV LED demonstrate effective

Table 5 CIE Coordinates, CCT and CRI of the WLEDs fabricated with
synthesized materials

Sample CIE coordinates CCT (K) CRI
Rb;YV,04 (0.28, 0.39) 6557 74
Cs5YV,04 (0.29, 0.40) 6111 78
C83Big 25Y0.75V20s (0.34, 0.40) 4887 79

.

0.20 025 0.30 035 040 045
X

(a) The electroluminescence spectra, corresponding color coordinates, and digital LED images of CszBig 25Y0.75V20s, Cs3YV,0g, and RbsYV,Os.
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for the respective phosphors.

color conversion and yield a bright yellowish-white emission, as
shown in Fig. 9(a) and (b), respectively. The calculated CIE
coordinates are (0.36, 0.45), with a CRI of approximately 74 and
a correlated color temperature (CCT) of around 4662 K, as shown
in Fig. 9(c). Table 4 summarizes the results of the present material
and those of previously reported Bi*"-activated materials. These
results underscore the potential of this optimized phosphor as a
single-component material for UV-chip-based phosphor-converted
WLEDs, making it a promising candidate for indoor lighting
applications. In our forthcoming work, we plan to extend this
investigation by systematically modifying the host composition
and dopant concentration to achieve more effective cyan and red
gap filling. These efforts will include quantitative evaluation of
spectral overlap integrals and luminescence enhancement para-
meters to establish precise correlations between structural tuning
and emission broadening.

4. Conclusions

In this study, a series of Rb;_,Cs,YV,0g phosphors were success-
fully synthesized, exhibiting a broad emission spectrum spanning
400-650 nm, with a peak centered around 500 nm under 365 nm
near-ultraviolet excitation. Rietveld refinement confirmed that the
synthesized luminescence emitters crystallize in the trigonal struc-
ture with a space group of P3m1. By engineering an O 2p — V 3d
energy transfer mechanism, tunable emission from cyan-green to
yellowish white was achieved in Rb;_,Cs,YV,0s through Bi**
incorporation. This emission shift was attributed to local crystal
field modifications induced by Bi** ions, which altered the ligand
environment and consequently influenced the electronic structure.
Temperature-dependent photoluminescence analysis revealed that
the phosphor retained 75.05% of its initial emission intensity at
423 K, with an activation energy of 0.32 eV, demonstrating
excellent thermal stability. To assess the practical viability of these
phosphors, they were integrated into white light-emitting diodes
(WLEDs). The resulting devices exhibited distinct emission char-
acteristics: Rb;YV,0g-based LEDs produced cool white light
(CCT ~ 6557 K, CRI ~ 74, CIE ~ 0.25, 0.39), while

1528 | Mater. Adv.,, 2026, 7, 1519-1530
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390@500

(a) The electroluminescence spectra and (b) digital LED images of the pc LED fabricated with Cs3BiV,Og. (c) The corresponding CIE coordinates

Cs3Big25Y0.75V20g-based LEDs emitted a warmer white light
(CCT ~ 4887 K, CRI ~ 79, CIE ~ 0.32, 0.40). By systematically
investigating structural modifications, optical tunability, and
practical implementation, this study underscores the effective-
ness of rational design strategies in optimizing phosphor perfor-
mance for next-generation lighting technologies. Moreover, the
insights gained into the effects of cation substitution and Bi**
doping on luminescence provide a foundation for the advance-
ment of high-performance phosphors, facilitating the develop-
ment of efficient, natural-sunlight-like white light sources.
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